The formation of the micropores in mould flux is further investigated employing solid-state 1 H NMR with CRAMPS technique that has successfully enabled the quantitative analysis of hydroxyl ions in mould flux. The spectra have revealed that hydroxyl ions exist in mould flux and they increase in molten flux pool especially during the casting of Si-K steel. The result provides the new mechanism for the formation of the micropores: in a continuous casting mould, water vapour in the atmospheric air is absorbed into molten flux pool as hydroxyl ions, and they are usually reduced by soluble Al in molten steel pool. However, during the casting of Si-K steel where Si is a weaker deoxidizing element, the hydroxyl ions are not easily reduced, and they form the micropores of the gas including H 2 O during the crystallization of mould flux in the flux channel. According to the proposed mechanism, mould flux with a lower activity of SiO 2 has been developed for Si-K steel, and it successfully prevents the sticker breakouts.
Introduction
In the continuous casting operation, a breakout is the most catastrophic of problems, which provokes not only severe damage to the casting machine but also loss of production time. A sticker breakout, [1] [2] [3] the most common type of breakout, initiates from the sticking of the solidifying shell to the mould wall. Then, the thin solid shell around the mould meniscus is ruptured due to continuing withdrawal of the strand, and the rupture of the shell is compensated by filling of the molten steel. As this sequence of the rupture and compensation is repeated, the position of the rupture that is often called "pseudo-meniscus" moves downward. Finally, it reaches the bottom of the mould, and it results in a breakout.
The most basic idea to prevent sticker breakouts is the concept of the negative strip in mould oscillation. 4, 5) It is indispensable to periodically provide compressive force on the solidifying shell in the casting direction during the negative strip time in which the downward velocity of the mould surpasses casting velocity. In addition, a breakout detection system has been developed and widely installed for practical use. 3, 6) In this system, thermocouples that are laid inside the copper mould detect specific changes in mould heat transfer during the repetition of the rupture of the sticker shell. In such a case, withdrawal of the strand is automatically stopped before the pseudo-meniscus arrives at the mould bottom.
In powder casting, it is also essential to stably provide molten flux between the mould and solidifying shell. For this reason, mold flux consumption was proposed as an index for mould lubrication. According to plant investigations, [7] [8] [9] mould flux consumption decreases with the increase of casting velocity, breaking point or viscosity of the mould flux. Thus, these casting conditions can more easily pose a risk of sticker breakouts.
It is also known through experience of the casting operation that the frequency of sticker breakouts (or breakout
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In addition, the influence of mould flux on the hydrogeninduced sticker breakout has been also investigated. The effect of the breaking point and surface tension of mould flux was studied on the decrease of heat flux in the mould. 10) Otherwise, contamination of H 2 O in mould flux has been regarded as an origin of hydrogen in molten steel. 13) However, mould fluxes have not been successfully developed for preventing the hydrogen-induced breakouts.
In this study, the mechanism of a hydrogen-induced sticker breakout is investigated, paying attention to the observation in the casting operation that the frequency of sticker breakout is higher in the casting of Si-K (Si-killed) steel than Al-K (Al-killed) steel. Firstly, analysis of the cast slab and mould flux film is carried out to reveal heat transfer and lubrication in the mould during the casting of Si-K steel. Next, a new mechanism of the formation of the pores in mould flux film is proposed with the assumption of hydroxyl ions in mould flux. Then, 1 H NMR (nuclear magnetic resonance spectroscopy), which successfully enables quantitative analysis of the hydroxyl ions, confirms the proposed mechanism. Finally, mould flux with a higher basicity is developed for continuous casting of Si-K steel in order to prevent the hydrogen-induced breakouts.
Experimental Procedure

Experiment in Continuous Casting
Low carbon Al-K and Si-K steels were cast to slabs with a thickness of 240 mm at a casting velocity from 1.4 to 2.0 m/min, in the Kimitsu No. 3 continuous caster of Nippon Steel Corporation. The composition of the steels is summarized in Table 1. Table 2 shows the chemical composition of mould flux (Flux A), which was used for the casting operation described in Sec. 3 and Sec. 4. Mould flux consumption was obtained from the weight of the mould flux that was provided in the mould during the casting operation. A small amount of molten flux for analysis was ladled out from the flux pool in the mould. Pin samples of the molten steel were picked up from the mould and quenched into water, in order to determine the hydrogen content of the steel using the thermal conductiometric method after fusion in a current of inert gas. After the casting operation, mould flux film around the meniscus was detached from the mould wall. The humidity and atmosphere temperature were measured near the continuous caster, and they were converted to water vapour pressure in the air (P H 2 O ). All the experiments in continuous casting were performed in the humid season, that is, June-September in Japan.
Metallurgical Study of the Slab and Mould Flux
Film Slab samples were cut from the narrow face of the slabs, because, unlike on the wide face, oscillation marks are not compressed by support rolls in the casting machine. The cast surface was observed after oxide scale was removed using hydrochloric acid. Then, the steel samples were cut longitudinally to observe the solidification microstructure in the subsurface. The section was polished and etched with picric acid. The microstructure was observed using an optical microscope.
Portions of mould flux films, which were packed solid with resin, were cut parallel to the casting direction. The longitudinal section was polished and then observed with an optical microscope. Otherwise, gas mass spectroscopy analyzes the gases that exist inside pores in mould flux film. A flux film was fixed in a vacuum chamber that is connected to a gas mass spectrometer. The film was excavated by a drill with a diameter of 3 mm in a vacuum of 10 Ϫ5 MPa. When the tip of the drill reached a pore in the film, gas was extracted from the pore and was analyzed by the spectrometer.
1 H NMR Spectroscopy for Analysis of Hydroxyl Ions in Mould Flux
As will be precisely explained in Sec. 4.1, micropores in mould flux film seemed to be due to hydroxyl ions in mould flux. Previously, hydroxyl ions in slag have been analyzed with a vacuum fusion technique. [15] [16] [17] In this method where slag is heated with Al in vacuum, molten Al reduces hydroxyl ions to H 2 gas, and analysis is performed with a gas mass spectrometer or a micro-Orsat. But a preliminary experiment for applying this technique to mould flux indicated that NaF, SiF 4 and HF, which vaporize from mould flux, will damage the spectrometer. The other methods, which are also characterized by heating processes, will have the same problem. H NMR is applied to the quantification of hydroxyl ions in mould flux.
1 H NMR data were collected using a Varian/Chemagnetics CMX-300 (7 T) spectrometer at a Larmor frequency of 299.8 MHz. 
Influence of Micropores in Flux Film on Initial Solidification and Lubrication in Continuous Casting Mould
Experimental Result
Relation between casting velocity and heat flux of the mould in the humid season is displayed in Fig. 1 . The heat flux was obtained by measuring the difference between inlet and outlet mould cooling water temperatures. The heat flux during the casting of Si-K steel is 10-20 % smaller than during the casting of Al-K steel at all casting velocities, although the increase in casting velocity enhances heat flux for both steels. In the casting of Si-K steel, this reduction of heat flux is often followed by detection of sticking, and sometimes it results in a sticker breakout. It should be also noted that such reduction of the heat flux is observed mainly in the humid season, and infrequently in the dry season. Consumption of mould flux was also measured during the casting operation (Fig. 2) . This reveals that mould flux consumption during the casting of Si-K is about 2/3 of that during the casting of Al-K steel.
The appearance of the narrow faces of slabs that were cast at 1.6 m/min is shown in Fig. 3 . It should be noted that the P H 2 O and hydrogen content of steel were 0.025 atm and 4 ppm, respectively, which were about the same for both Al-K and Si-K steels. The cast surface of Al-K steel is characterized by linear oscillation marks that have been formed periodically by reciprocation of the mould. In contrast, on the surface of Si-K steel, typical oscillation marks do not exist, and ripple marks without apparent periodicity are partially observed. l 2 indicates secondary arm spacing (mm), and CR is the cooling rate (°C/s). As indicated in Fig. 5 , the cooling rate during the solidification temperature range is largely decreased in Si-K steel compared to Al-K steel at 2 mm from the cast surface. In contrast, in the section 15 mm away from the surface that has solidified around the mould bottom, the difference in the cooling rate is not apparent. This indicates that mould heat extraction during the casting of Si-K steel is reduced especially around the mould meniscus. Next, mould flux film that will largely influence mould heat transfer is investigated. Figure 6 shows a micrograph of a cross-section of the films. Solid film, which generally contributes to the decrease of heat transfer in the mould, 22, 23) has its thickness from 500-600 mm in castings of both Al-K and Si-K steels. In contrast, a large difference between them is observed in the presence of micropores in the film. Spherical voids that measure 10-100 mm in diameter can be clearly seen in the film after the casting of Si-K steel, whereas they are rarely present in the film after the casting of Al-K steel. The measured area fraction of the micropores that is equivalent to the volume fraction is 11 % in the film after the casting of Si-K steel.
To investigate the origin of the micropores, gas mass spectroscopy is applied to analyze the gases that exist in the micropores. Figure 7 displays gas mass spectra for the gas that is extracted from a micropore in the film after the casting of Si-K steel (a), and the background which is spectra for residual gas in the vacuum chamber (b). Several peaks associated with H 2 , CH 3 , H 2 O, N 2 , O 2 and CO 2 are observed in Fig. 7(a) . The other peaks that are not referred with gas species are attributed to fragment of the gas molecules during ionization of the gas in the spectrometer. For example, mass number 14 in Fig. 7(a) is related to CH 2 from CH 3 and N from N 2 . The difference of the intensity between the extracted gas and the background provides the composition of the extracted gas in 
Discussion
Firstly, the influence of the micropores on heat transfer in the mould will be discussed. Although previous studies have shown that an increase of solid film thickness reduces the heat transfer, 22, 23) the thickness of solid film after the casting of Si-K steel is the same as that of Al-K steel. In contrast, a fraction of the voids in the film are much larger after the casting of Si-K steel. A simple model for heat transfer through mould flux film, 24, 25) which is not explained in detail, reveals that the observed fraction of voids in the film, 11 %, reduces 15 % of the heat flux in the mould. This is in good agreement with the difference of heat flux between Al-K and Si-K steels in Fig. 1 . Thus, the large reduction of heat transfer during the casting of Si-K steel is attributed to the micropores in the mould flux film.
The reduction of mould heat transfer will provoke a sticking in the following way (Fig. 8) . Laki et al. 26) and Ackermann et al., 27) who calculated two dimensional heat transfer and solidification at meniscus, showed that large heat extraction enhanced the height of the solid shell along the curved meniscus. This indicates that the stable oscillation marks on the cast surface of Al-K steel is due to the sufficient heat flux in the mould that promotes the solidification at the meniscus. Conversely, in the continuous casting of Si-K steel where heat extraction is reduced, the top of the solid shell approaches the root of the meniscus, and it eliminates the typical oscillation marks. Furthermore, according to our model of mould flux infiltration, [28] [29] [30] the solid shell at the curved meniscus promotes the infiltration by increasing dynamic pressure in the channel of mould flux as schematically shown in Fig. 8(a) . This is the reason for the sufficient consumption of mould flux during the casting of Al-K steel. In contrast, the unstable and shallow marks in Si-K steel, which do not effectively enhance the pressure in the channel, decrease mould flux consumption (Fig. 8(b) ). Consequently, the decrease of heat extraction during the casting of Si-K steel reduces the infiltration of mould flux, as well as delaying growth of solidifying shell, and thus it poses a risk of sticker breakout.
Mechanism of the Formation of Micropores in
Mould Flux Film
Hydrogen Transfer in the Gas-Slag-Metal System
Since the gas molecules which include hydrogen atoms were detected from the micropores in the flux film, the sticker breakout in the casting of Si-K steel will be also related to hydrogen. As already mentioned in Sec. 1, in previous studies 10, [12] [13] [14] it was understood that the micropores in mould flux film were attributed to H 2 gas that was extracted from the surface of the solidifying shell. But they do not reasonably explain why the mould flux film after casting of Si-K has greater fraction of voids than after the casting of Al-K steel with the same hydrogen content, as shown in Fig. 6 . For this reason, the mechanism of the formation of micropores will be newly proposed in consideration of the hydrogen behavior in molten flux.
Transfer of hydrogen between slag and gas, and between slag and metal, was studied for control of the hydrogen content of molten steel, especially in the 1950-1980's. [15] [16] [17] [31] [32] [33] [34] [35] The equilibrium of hydrogen between slag and gas is written as: According to these equations, hydrogen is present as hydroxyl ions in molten slag, and it is H 2 O, not H 2 , which dissolves into molten slag. As predicted from (2) and (3), the solubility of water in the CaO-SiO 2 binary system has its minimum at the composition of CaO/SiO 2 ϭ1.
17)
For the reaction between slag and metal, hydroxyl ions can move into molten steel as soluble hydrogen: tinuous casting mould. But it is reasonable that mould flux, a sort of basic slag, will contain hydroxyl ions, and they will equilibrate with H 2 O at the interface with the gas, namely with atmospheric air and the micropores. Furthermore, reactions (5) and (6) between molten flux and molten steel can provide the difference of the hydroxyl ions in the molten flux pool between castings of Al-K and Si-K steels. Thus, 1 H NMR spectroscopy is applied to quantitative analysis of the hydroxyl ions, in order to reveal the mass transfer of hydrogen in the air, the molten flux and molten steel pools. Figure 9 shows the 1 H CRAMPS spectra for three mould fluxes. Each peak is deconvoluted with Gaussian fitting into two signals: H 2 O at 4-5 ppm and hydroxyl ions at 1-2 ppm. The H 2 O signal probably arises from water attached on the surface of the samples. The peak at 1-2 ppm is observed in kaolinite (not shown here), which supports our assignments of 1 H CRAMPS spectra, since hydrogen in kaolinite exists only as hydroxyl ions. 20, 36) Thus, it has been proved that hydrogen dissolves into mould flux as hydroxyl ions and the 1 H CRAMPS NMR technique enables the detection of very small amount of hydroxyl ions in mould flux. Furthermore, it should be noted that the OH Ϫ signal at 1-2 ppm more obviously appears in mould flux film after the casting of Si-K steel (c) than in mould flux before use of casting (a) and the film after the casting of Al-K steel (b). In NMR spectroscopy, the area of the deconvoluted curve with Gaussian fitting is proportional to the amount of specific atoms that exist with the corresponding local structure in atomic scale. Thus, the spectra clearly indicate that the flux film after the casting of Si-K steel has a higher content of hydroxyl ions.
1 H NMR Spectroscopy for Analysis of Hydroxyl Ions in Mould Flux
Next, a quantitative analysis of hydroxyl ions in mould flux has been carried out using kaolinite as the reference material. Figure 10 shows content of hydrogen that exists as hydroxyl ions in mould flux before the use of casting, during casting in molten flux pool and in mould flux film. Mould flux film has been examined in the casting of three different heats for both Al-K and Si-K steels, in some of which molten flux in the flux pool was also sampled and analyzed. Mould flux, before the use for casting, has 80 ppm of hydrogen as OH Ϫ , and then it is increased to 120-140 ppm during the continuous casting of Si-K steel. Especially, when hydrogen as OH Ϫ reached 140 ppm, heat flux in the mould was largely reduced and it resulted in a sticking. In contrast, during the casting of Al-K steel, hydrogen as OH Ϫ is rather decreased. It is also noted that content of hydroxyl ions does not apparently change between the mould flux pool and the infiltrated film for casting of both Al-K and Si-K steels.
Discussion
On the basis of the 1 H NMR spectra that successfully quantified the hydroxyl ions in mould flux, we propose a new mechanism of the formation of micropores in Fig. 11 . This figure schematically shows reactions of hydrogen between air and molten flux pool (Eq. (2)), and between molten flux and liquid steel pools (Eqs. (5) and (6)) in a continuous casting mould. Firstly, between air and molten flux, water vapour in the air dissolves into mould flux pool as hydroxyl ions. This reaction is promoted with the increase of water vapour pressure in the air, P H 2 O , during the casting of both Al-K and Si-K steels.
On the other hand, reaction between molten flux and molten steel is largely dependent of the deoxidization of the steel. In continuous casting of Al-K steel (Fig. 11(a) ) 5). Thus, mass transfer of hydrogen from mould flux pool to molten steel exceeded the transfer from the air to the mould flux pool, and it resulted in the decreasing of hydroxyl ions during the casting of Al-K steel. In contrast, during the casting of Si-K steel, hydroxyl ions in the flux pool are not easily reduced by Si in molten steel, because Si is a weaker reducing element than Al, and the activity of SiO 2 in mould flux is usually larger than that of Al 2 O 3 . In this case, the mass transfer of hydrogen from the air to the mould flux pool surpassed that from the mould flux pool to molten steel. For this reason, hydroxyl ions were increased in the molten flux pool during the casting of Si-K steel, as indicated in Fig. 10 . In such a case, the excessive hydroxyl ions vaporizes as H 2 O gas to form the micropores in mould flux film. It should be noted that the micropores are directly caused by H 2 O, not H 2 that is extracted from the surface of a steel slab. The other gases H 2 and CH 3 that were detected in the micropores (Table 3) probably formed during cooling and by reaction between H 2 O and carbon added as an aggregate in the mould flux.
Next, the proposed mechanism is precisely investigated with thermodynamic analyses. According to Eq. (2), the equilibrium between water vapour pressure in the air, P (7) where, K 1 is hydroxyl capacity, 37) which is dependent of only temperature and slag composition. To estimate K 1 for Flux A that has been used for the casting, 25 g of the flux was heated and melted using a Pt crucible at 1 400°C for 30 min. in the air, and then quenched onto a steel plate. At the same time, P H 2 O was measured in the air. This simple experiment was repeated several times in different seasons to naturally change P H 2 O in the air. After the experiment, hydrogen as OH Ϫ in the flux was analyzed using 1 H NMR spectroscopy. Figure 12 shows the observed relation between P . It is probably because the volume of the sample was so small that the mould flux, which has a large amount of volatile elements, changed its composition during the heating. But it can be seen that Flux A has a large hydroxyl capacity, which is similar to the basic slag with a high content of Li 2 O. 15) Thus, K 1 is estimated as 950 ppm/atm 1/2 and it is indicated by the solid line in Fig. 12 .
Between molten flux and molten steel, combining Eq. (7) with Eqs. (8)- (11) of the following reactions whose equilibrium constant has been known, one can obtain Eq. (12) for reaction (5) in the case of Al-K steel, and Eq. (13) for reaction (6) 6 log(H)ϭ6 log K 1 Ϫ6 log K 2 ϩ3 log K 3 ϩlog K 4 ϩlog a Al 2 O 3 ϩ6 log a H Ϫ2 log a Al ............ (12) 4 log(H)ϭ4 log K 1 Ϫ4 log K 2 ϩ2 log K 3 ϩlog K 5 ϩlog a SiO 2 ϩ4 log a H Ϫlog a Si ................ (13) where, K 2 -K 5 is equilibrium constant for each reaction, T is absolute temperature, a is activity. Equations (12) and (13) give the relation between the hydrogen content of steel and OH Ϫ in molten flux, as indicated in Fig. 13 . In this calculation, a Al 2 O 3 and a SiO 2 in Flux A are assumed to be 0.05 and 0.27, respectively, on the basis of the cell model. 40) This figure shows that a higher content of hydroxyl ions in the flux equilibrates with hydrogen in Si-K steel than in Al-K steel.
On the basis of these thermodynamic analyses, practical problems associated with the sticker breakout in continuous casting will be further discussed. The pressure of water vapour in the air, P H 2 O, increases to be 0.03 atm in summer, whereas it is 0.005 atm in winter. 41) Thus, at the interface between the air and molten flux pool in a continuous casting mould, hydrogen as OH Ϫ in mould flux that equilibrates with the air changes considerably from 50 to 200 ppm among the seasons, as indicated in Fig. 12 . On the other hand, at the interface between molten flux and molten steel pools, the equilibrated hydrogen as OH Ϫ , which is less than 25 ppm in the usual hydrogen contents of steel ([H]ϭ 1-4 ppm) in Fig. 13 , is much lower than that at the interface between the air and molten flux. This indicates that during casting operation atmospheric water vapour is always absorbed as hydrogen into molten steel through the hydroxyl ions in molten flux pool. Especially, during the casting of Al-K steel, this transfer of hydrogen becomes remarkable, because the equilibrated hydrogen as OH Ϫ is lower at the interface between the molten flux and molten steel (Fig.  13) . In contrast, during the casting of Si-K steel, the transfer of hydrogen is suppressed at the interface between molten flux and steel where the equilibrated hydrogen as OH Ϫ is higher than in the case of Al-K steel (Fig. 13) , and thus, hydrogen as OH Ϫ more easily increases in the molten flux pool. Consequently, the thermodynamic analysis has confirmed the reactions in the proposed mechanism described in Fig. 11 .
Next, the formation of micropores in mould flux film will be discussed in detail. Figure 14 shows the microstructure of the mould flux that has been melted at 1 400°C for 30 min in Pt crucible and then quenched on the steel plate. It can be seen that the micropores exist only in the region where cuspidine(3CaO · 2SiO 2 · CaF 2 ) has crystallized as dendrites in mould flux, whereas they are not observed in glassy region. More precisely, the micropores are present between the dendrites of cuspidine. This indicates that the micropores in mould flux film will form during crystallization of cuspidine when mould flux is infiltrated and cooled between the mould and solidifying shell. For the formation of a micropore in liquid phase of mould flux, total pressure of the gas including H 2 O in the micropore should exceed the pressure of the liquid phase. Thus, (14) where, P g is the total pressure of the gas in the micropore, and it is nearly P H 2 O in the micropore if the micropore is mainly attributed to water vapour. P s indicates the capillary effect, which is written as 2s/r where s is surface tension and r is radius of the micropore. P is the pressure in liquid phase of mould flux, P 0 is the atmospheric pressure (1 atm), r is density of molten flux, g is the gravitational constant and h is the depth from the surface of mould flux pool. DP sh is the pressure drop related to the volume shrinkage during crystallization of cuspidine, which depends on fraction of solid, viscosity of liquid and density of both the liquid and solid phases. 42, 43) Figure 15 schematically represents distribution of the pressures of the gas (P g ) and liquid (P) during the crystatization of cuspidine in mould flux. Before the crystallization, micropores cannot be present in fully liquid phase, because P H 2 O is less than 0.03 atm even in summer, and P g does not reach the pressure of the liquid phase, that is, more than 1 atm. In contrast, during the crystallization, cuspidine(3CaO · 2SiO 2 · CaF 2 ), which will not include hydrogen, redistributes the hydroxyl ions into the liquid phase, and thus enhances P H 2 O (in LHS of Eq. (14) ) that equilibrates with them. Furthermore, the solidification shrinkage reduces the pressure of the liquid phase (ϪDP sh in RHS of Eq. (14)). For both reasons, the pressure of the gas exceeds that of the liquid, and it results in the formation of the micropores during the crystallization. In addition, it is known that the presence of water vapour enhances the crystallization of glasses and fluxes, and it is attributed to increase of the hydroxyl ions. 44, 45) This suggests that the increase of hydroxyl ions in mould flux facilitates the formation of the micropores also through promoting the crystallization of cuspidine.
In this contribution, we have discussed so far a hydrogeninduced sticker breakout during the casting of Si-K steel. However, as pointed out in the previous studies, 10, 12, 13) casting of Al-K steel also suffers from the same type of breakout when the hydrogen content of the steel is largely increased to about 8 ppm. It is because the hydroxyl ions that equilibrate at the interface between mold flux and molten steel increase even for Al-K steel when it has higher hydrogen content (Fig. 13) . In fact, we have observed that, in the casting of Al-K steel with hydrogen of 5-8 ppm, hydrogen as OH Ϫ increases to more than 100 ppm in mould flux, and it results in a sticking. This means that the proposed mechanism of a hydrogen-induced breakout is not specific to the casting of Si-K steel, but it is more generally acceptable even for the casting of Al-K steel. But further discussion is necessary in order to obtain more quantitative understanding.
In addition, it was understood in the previous studies 10, 12, 13) that a hydrogen-induced breakout is only dependent of hydrogen content in molten steel. However, according to the proposed mechanism, atmospheric water vapour pressure also governs the breakout as well as the hydrogen content of steel. In other words, even if molten steel has the same hydrogen content, a hydrogen-induced breakout is more easily provoked in summer, because the increase in atmospheric water vapour pressure enhances the hydroxyl ions in molten flux. This is also in good agreement with our experience of hydrogen-induced breakouts in the operation of continuous casting.
Prevention of Hydrogen-induced Sticker Breakouts during the Casting of Si-K Steel
Finally, mould flux is newly developed for the purpose of preventing the sticker breakouts in Si-K steel. According to the new mechanism for the formation of micropores in mould flux film (Fig. 11) , decrease in the activity of SiO 2 in mould flux will promote the mass transfer of hydrogen from mould flux pool to molten steel, and it will be able to prevent the increase of hydroxyl ions in the flux pool. For this purpose, Si-K steel is continuously cast employing the mould flux that is characterized by a higher basicity (Flux B: CaO/SiO 2 ϭ1.8, CaOϭ45.8 %, SiO 2 ϭ25.3 %, Al 2 O 3 ϭ 1.5 %, the other compositions are nearly the same as in Flux A), that is, a lower activity of SiO 2 . Figure 16 shows hydrogen as OH Ϫ in mould flux before use for continuous casting and the flux film after the casting of Si-K steel. It can be seen that the content of hydroxyl ions, which has been largely increased during casting with the use of Flux A, is not increased but rather decreased employing Flux B. It is because with the use of Flux B which has a lower activity of SiO 2 than Flux A, hydroxyl ions are more effectively reduced by Si at the interface between the molten flux and molten steel pools. As a result, fraction of the micropores is largely reduced in mould flux film (Fig.   17) , and it has successfully prevented hydrogen-induced sticker breakouts during the continuous casting of Si-K steel.
Conclusion
The mechanism of a hydrogen-induced sticker breakout was studied paying attention to the observation that the frequency of the breakout is higher during the casting of Si-K steel than Al-K steel. The obtained results are summarized as follows:
(1) During the casting of Si-K steel, the micropores in mould flux film reduces heat transfer at the mould meniscus. In such a case, mould flux consumption is decreased, because the formation of the oscillation marks that provide mould flux into the flux channel becomes unstable. For this reason, the reduction of heat transfer in the mould, which prevents not only the growth of the solidifying shell but also the mould flux infiltration, results in a sticker breakout.
(2) Solid-state 1 H NMR, which has successfully enabled the quantitative analysis of hydroxyl ions in mould flux, has revealed that hydrogen dissolves as hydroxyl ions 
